When etiolated leaves are illuminated they produce chlorophyll and acquire the ability to carry on photosynthesis. By following simultaneously the development of chlorophyll and photosynthetic capacity in such leaves much may be learned concerning the participation of chlorophyll in photosynthesis. This approach has been used by several investigators, who have reached different conclusions concerning the simultaneity of chlorophyll formation and the onset of photosynthetic capacity as a brief survey of previous investigations will show.
Engelmann (4) found that all the chlorophyll-containing cells which he examined were capable of evolving oxygen when they were illuminated. Furthermore, he claimed that chlorophyll-free but etiolin-con- 1 Received July 2, 1953. taining (protochlorophyll-containing (22) ) cells of dark-grown seedlings gave off oxygen immediately upon being illuminated, which claim was verified by Ewart (5) .
Irving (8) and later Willstatter and Stoll (23) examined the development of photosynthetic capacity in relation to chlorophyll formation by following the photosynthetic utilization of carbon dioxide during the greening of seedlings. Irvingf stated that "Etiolated leaves do not possess the power to photosynthesize CO2 even when they have developed a large part of their chlorophyll. When the leaves have developed their full green color photosynthetic ability develops rapidly. Photosynthetic activity is not directly connected to the amount of chlorophyll produced. It must be some other component of the photosynthetic apparatus which controls the beginning of the com-plete functional activity." Willstiitter and Stoll, however, found that etiolated leaves, while greening, possessed great assimilatory power based on chlorophyll. With the appearance of chlorophyll the assimilatory power set in and, while the chlorophyll content of the greening etiolated leaves was small, these leaves had much higher assimilation numbers than other young leaves which had not been grown in the dark. The difference in behavior of these two types of leaves was probably caused by the fact that in the dark, chlorophyll production was inhibited by the lack of light but the formation of the enzyme factors was not.
Briggs (2) Briggs (2) studied the pigment-photosynthesis relation in young leaves brought to different degrees of greenness. He placed such leaves in an atmosphere of hydrogen, which contained carbon dioxide, and followed their oxygen evolution during illumination. Under these conditions the leaves increased in assimilatory power without noticeable change in chlorophyll content. He concludes that an internal photochemical factor besides chlorophyll is produced which works in conjunction with chlorophyll in the photosynthetic process. This assimilatory power is built up in the dark as well as in the light because leaves which have been illuminated and placed in the dark for three days possess "an assimilatory power of the same dimensions as that of similar leaves, which have been exposed to light in the apparatus during a considerable part of three days." Inman (7) found that etiolated leaves when illuminated began to evolve oxygen about the time the green color was visually detectable in the leaf. Some chlorophyll was formed long before oxygen evolution began.
Davis (3) With the sensitive analytical methods now available for the estimation of oxygen (14) and of individual pigments (9, 10) and with the sharpening of the concepts concerning pigment formation and pigment interrelationships (11, 16, 22) , it seemed possible that at least a partial clarification of the involvement of chlorophyll in photosynthesis could be gotten by a quantitative re-examination of the development of pigments and of photosynthetic capacity in etiolated leaves.
MATERIALS AND METHODS
METHOD FOR MEASURING OXYGEN: The phosphorescence-quenching method for measuring oxygen evolution (14) was adapted to the purpose of this investigation. Preliminary reports on the modified method have already been given (17) (18) (19) (20) and a detailed description is in preparation (21) . The leaves, after having been pre-treated in the desired manner, were placed in the darkened reaction chamber of the photosynthesis apparatus. All the oxygen was removed from the apparatus by evacuation and flushing with pure hydrogen. No carbon dioxide was added to the gas stream so that whatever carbon dioxide was present came from the leaves themselves. When the phosphor had come into equilibrium with the flowing hydrogen, which required approximately 40 minutes, the leaves were illuminated for 10 minutes with light from a 25-watt tungsten lamp at 10 cm distance, and the oxygen evolved by the leaves was measured. (The light intensity on the leaf chamber was about 230 fc.) BARLEY LEAF MATERIAL: In these experiments, the tips of leaves, 5 to 7 cm long, were cut from darkgrown seedlings, 9 to 11 days old. The leaves were separated into lots of known weights and were placed in glass vials with their cut ends immersed in about 1 cm of water. They were held in the dark until riequired for experimentation sometime during the day. The treatment given each lot of leaves is described in the appropriate place.
PIGMENT ANALYSIS: All pigment analyses were performed according to the method of Koski, French, and Smith (12) , which is given here only in brief outline. After the leaves had been treated as desired, they were extracted by grinding them in a mortar with acetone and sand. The pigments were transferred from acetone to ether and the pigments estimated spectrophotometrically. From the optical densities measured at 663, 644, and 624 m,u, the quantities of chlorophylls a and b and protochlorophyll were determined (9, 10, 12 able quantity of chlorophyll b is produced under these circumstances. Although the protochlorophyll-chlorophyll transformation is supposed to be a hydrogenation (6) it does not take place in the absence of light in a pure hydrogen atmosphere.
The mechanism whereby protochlorophyll is transformed to chlorophyll in the plant during irradiation is not known. From chemical considerations, the possibility exists that protochlorophyll could act as a hydrogen acceptor in the splitting of water thereby being transformed to chlorophyll a. divided periods of illumination, ---+ ---. In the experiments for the divided periods of illumination, the elapsed time is the sum of the sojourn in the dark plus 10 minutes of irradiation. Figure 1 shows that as the period of irradiation, previous to the measurement of oxygen evolution, is increased, the development of oxygen-evolving capacity and of chlorophyll a both increase. During the initial period of exposure, the leaves acquire very little capacity to evolve oxygen although they form considerable chlorophyll. Exposures between 30 and 110 minutes bring a;bout substantial increases in oxygenevolving capacity, which are roughly proportional to the tirne ( fig 1A) . Chlorophyll formation is very rapid during the first minutes of irradiation; it then slows up for a short period after which it accelerates and approaches proportionality to the time of irradiation ( fig 1B) .
In figure 2 is shown the relationship between the chlorophyll a content of the leaves and their oxygen- 1.87 Relative oxygen evolution 1.0 sponding quantities of oxygen liberated per gram of leaves during ten minutes of photosynthesis ( fig 1A) and of chlorophyll produced ( fig 1B) .
It is evident that 10 minutes of continuous illumination (zero dark period) produced, at most, only a very small capacity to liberate oxygen. As the interposed dark period was increased (fig 1A) , the power for oxygen liberation was increased almost in direct proportion to the length of the dark period, discounting a short period of induction.
The amounts of chlorophyll a produced under the different irradiation regimes just described are shown in figure 1B . With 10 minutes of continuous illumination (zero dark period), considerable chlorophyll was produced. The chlorophyll was increased by interposition of dark periods, but the proportionate increase in chlorophyll was very much less than the proportionate increase in oxygen evolution.
The relationship ibetween oxygen-evolving capacity and chlorophyll content of leaves given divided periods of illumination is shown by the crosses in figure 2. The results are similar to those obtained with continuous illumination, as comparison with the circles demonstrate.
These experimental results confirm, by a different method, what has been found by others, that chlorophyll can be present in living organisms without affording the ability for photosynthesis. Formally, increase in the ability to liberate oxygen corresponds to the increase in chlorophyll content. This relationship, however, may be fortuitous since these two properties may increase simultaneously without being functionally connected.
The great enhancement of the power to liberate oxygen induced by subjecting dark-grown leaves, which have been briefly illuminated, to a period of darkness and subsequent illumination, demonstrates that this increased oxygen-evolving capacity results from both metabolic and photochemical reactions: metabolic, because of the influence of the dark period; photochemical, because of the effect of the second irradiation.
What causes the enhancement of the photosynthetic capacity is in doubt but three possibilities exist: activation of the initial chlorophyll formed and of all the chlorophyll formed thereafter; the formation of a chlorophyll different from that derived from the original protochlorophyll; or the elaboration of substances which work in conjunction with chlorophyll.
At present nothing can be said regarding the activation of inactive chlorophyll.
The observed difference in the abilities of the chlorophyll formed from protochlorophyll and of that formed subsequently to liberate oxygen suggests that these chlorophylls are different. This interpretation is supported by the observation of Krasnovskii and Kosobutskaya (13) that the spectrum of the natural chlorophyll first formed by irradiation of etiolated bean leaves differs from that of the natural chlorophyll formed afterwards.
Some of these experiments bring evidence that substances besides chlorophyll are formed which greatly increase photosynthetic ability. The treatment, in which leaves were given a final brief irradiation following an introductory exposure to light and darkness, increases the oxygen-liberating power so tremendously in comparison with the increase of chlorophyll that the greatly increased oxygen-evolving power can hardly be reconciled with the small additional quantity of chlorophyll produced. Rather, the results point to the elaboration of substances which act in conjunction with chlorophyll.
In many instances, chlorophyll b was not present in leaves from which oxygen was evolved. From this it may be concluded that chlorophyll b is not necessary for oxygen liberation.
SUMMARY
The development of chlorophyll and of oxygenevolving power was followed simultaneously in etiolated barley leaves that had been illuminated under various conditions. The pigments, protochlorophyll and chlorophyll, were estimated spectrophotometrically and the oxygen evolved was determined by means of a phosphorescence-quenching method.
The transformation of protochlorophyll to chlorophyll a took place in an anaerobic atmosphere. It was not accompanied by the evolution of oxygen.
Although the etiolated leaves that had been irradiated in air for a short time possessed chlorophyll that was derived from their protochlorophyll, they lacked the power to evolve oxygen. If, after t-his irradiation, these leaves were stored in air in darkness, they acquired a small capacity for oxygen production. This capacity was greatly augmented by a subsequent brief irradiation.
Chlorophyll b was not necessary for oxygen evolution. figure 1 b. The algal suspension is stirred by a one-fourth-inch stainless steel shaft, S, driven by a small air turbine. A 4 % carbon dioxide in air gas mixture is delivered continuously into the upper portion of the cell and fresh medium is added intermittently under control of a photometric device described below. The glass overflow tube, 0, serves as an automatic siphon to maintain a constant volume of suspension in the chamber. Earlier arrangements of the overflow device shown in figures 1 c and d were abandoned for reasons which will be presented later.
The complete apparatus is shown in figure 2 .
